Abstract-In order to reduce the current harmonics caused by the widely used non-linear load such as a diode rectifier, a series connected active power filter (APF) can be applied. Compared with the conventional uniform harmonic resistance (UHR) control strategy, a novel selective harmonic resistance (SHR) control method is proposed to improve the compensation performance. In the SHR control, the series APF will provide larger resistance to certain order current harmonics with higher quantity. Also, the proposed SHR control can improve the system stability. Simulation and experiment results verified the improved compensation performance of the SHR control in comparison to UHR control.
INTRODUCTION
Diode and thyristor rectifier are widely used in the household appliances, as a consequence,a large quantity of current harmonics are introduced, especially when the DC side of the rectifier contains a large number of electrolytic capacitors [1] . To compensate the current harmonics brought in by the diode rectifiers, passive and active power filters are proposed [2] , [8] - [11] . Compared with the passive filters, active power filters have obvious advantages, such as, smaller size, better performance, wider harmonic compensation range and so on. The active power filter can be classified into shunt active power filter and series active power filter, and both can use full bridge voltage source inverter (VSI). The shunt active filter are more appropriate for current source type of harmonic source while the series active power filter has better application in voltage source type of harmonic source [3] .
For the series active power filter, there are three commonly used compensation method: current harmonic based compensation, load voltage harmonic based compensation and the hybrid compensation method which combines the aforementioned two methods [4] . Of the three compensation methods, the hybrid compensation one has better performance [5] , but both the current and load voltage sense and harmonic computation are needed which makes the control system more complicated. This paper proposed the SHR control method, which is an improved compensation method of the conventional current harmonic based control. In the conventional harmonic based control, the series active filter works as a harmonic resistor: it has no effect on the fundamental current, but for harmonic current it works as a high impedance resistor, so it is called UHR control. In this way the harmonic current can be restricted. To realize the above function, current harmonics are detected first; then, a coefficient K is multiplied with the current harmonics detected, as in Eq. 1. At last, the product is used as the reference voltage for the series connected VSI. The coefficient K which is multiplied to the current harmonics has the physical sense of harmonic resistors. (1) Generally, the higher the value of the harmonic resistor is, the lower current harmonic will be. However, the coefficient K cannot be arbitrarily high, because too high value of K will damage the system stability, eventually resulting into an unstable system [6] . In order to improve the compensation performance and increase the control system stability, a SHR control strategy is proposed. In SHR compensation, different coefficients are assigned to different order of current harmonics, as in Eq. 2.
(2) For example, if the value of I h3 is greater than that of I h5 , then K 3 will be larger than K 5 .By doing this, the series APF can have a better restriction to the current harmonics with higher quantity. Moreover, for certain high order current harmonics, their contents are usually very low, and then Ki can be very small or even zero. So in comparison to UHR control, the equivalent K is smaller and the system stability gain is wider.
In part II, the system configuration is first introduced and then modeling of UHR control strategy and SHR control strategy are analyzed. Based on the UHR control model, SHR model is built. In part III, the open loop transfer functions of the UHR and SHR control are derived, based on which bode plots are drawn. From the bode diagram, it can be easily concluded that the SHR control greatly improved the system stability. In part IV, simulation parameters are given; and the simulation and experimental results show the better performance of the SHR control strategy.
II. SERIES APF CONFIGURATION AND MODELING
The circuit of a series connected active filter is shown in the Fig. 1 .
The structure of the series APF is a full bridge VSI. The auxiliary power supply can be optional; the VSI DC bus voltage V dc can be controlled by adjusting the active power consumed by series APF [7] . Only the current i s is sensed to get the current harmonics in the SHR control. The APF's inductor L is optional depending on the grid equivalent inductance L s . If L s is large enough, then L is not necessary. Fig.2 shows the equivalent circuit of the series APF for the fundamental and harmonic components after applying the law of superposition. For the sake of simplicity, the PWM VSI will work as an ideal controllable voltage source V c . According to the law of superposition, the grid voltage Vs can be equivalent as the sum of fundamental components U sf and harmonic components U sh . The load voltage U L is also the input voltage of the diode rectifier and can be expressed as U L =U Lh +U Lf in the same way. Fig. 3 gives the equivalent circuit for the fundamental components. Because the VSI compensate only harmonics, and has no effect on the fundamental current, then, V c =0 in Fig.3 . Fig.4 shows the equivalent circuit containing only the harmonic components. The input is grid voltage harmonics, which is usually very low while the output is the load voltage harmonics. In the conventional UHR control strategy, the reference voltage V c is K times the total current harmonics, shown in Fig. 5 . So the series APF is the similar to a harmonic resistor according to the law of Ohm; the higher R i is, the lower the harmonic current i sh will be. Due to Eq. 1, the harmonic current I sh can be expressed as:
where h ω is the angular frequency of the harmonic current,
From Eq. 4, it can be found that when K is large enough, that is,
Because U sh is usually low, and U Lh is finite, then larger K will lead to smaller harmonic current i sh . If K trends to be infinite, the harmonic current will be zero. However, K cannot be infinite because of the restriction of system stability. On the other hand, with the increase of the current harmonic order, the harmonic current angular frequency h ω will also increase according to In this sense, there is no need to compensate the high order current harmonic. Based on the above analysis, this paper proposed the SHR control strategy, in which, only low order current harmonics are compensated and the equivalent resistance for different order of current harmonics can be assigned on purpose. The compensate voltage of series APF is expressed in Eq. 2. Fig. 6 shows the system model of the SHR control. Separate Ki are set for every order of current harmonics that needs to be compensated. In order to improve the harmonic compensation performance, higher K i are set for the current harmonics with higher quantity. For very high order current harmonics, K i =0 will be set. In this paper, only up to 7 th order of current harmonics are compensated, because for current harmonics with higher order than 7, their values are quite small. Also for current harmonics with order higher than 7, it can be assumed that the grid inductance h s L ω is large enough and i sh is relatively low. So there is no need to compensate them. In order to assign appropriate Ki for different orders of current harmonics, the spectrum of the grid current is measured first. Then, K i have the same proportion with the grid current spectrum. For example, if the 3 rd order of current harmonics has the largest value, then K 3 will be largest. 
respectively. G 3rdHE (s), G 5thHE (s) and G nthHE (s) expressed as
Eq. 7, Eq. 8, Eq. 9 stand for the transfer functions of the band pass filters. 
According to the control diagrams in Fig. 7 and Fig. 8 , the open loop transfer functions of the two control strategies can be derived, shown in Eq. 10 and Eq. 11.
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The bode plot of the two control strategies (UHR control and SHR control) are drawn with the same harmonic resistance value K=60 Ohm (for the SHR control, the total value of harmonic resistance is 60 Ohm, that is, K 3 =30Ohm, K 5 =20Ohm, K 7 =10Ohm), as in Fig.9 and Fig. 10 . Fig. 9 is the bode plot of the UHR control strategy, and it can be calculated that the gain margin and phase margin of the UHR control strategy is 7.54dB and 5.54 degree, separately. Both of them are of very low value and the system would fall into instability once there are any small disturbances. Fig. 10 shows the bode plot of the SHR control strategy, in which, the gain margin and phase margin of the SHR control strategy is 12.6dB and 52.1 degree, respectively, both of which are improved compared to Fig. 9 . Especially the phase margin is increased greatly. So it can be concluded that the SHR control strategy has better stability performance than UHR control. Actually, this is simple to understand, because in SHR control strategy only the low order current harmonics arecompensated, leaving the high order current harmonics unchanged. In this sense, SHR applies lower K than the UHR control strategy, so the system stability is better. It should be noticed that although the equivalent K is smaller than UHR control strategy, the compensated performance is better in SHR control strategy, which is verified in the simulation results shown below.
IV. SIMULATION RESULTS AND EXPERIMENTAL RESULTS
The system and the controller parameters are shown in Table1. Based on the above parameters, simulation is conducted to verify the effectiveness of the proposed SHR control strategy. Harmonic resistance for 3rd current harmoincs 30Ohm
K 5
Harmonic resistance for 5th current harmoincs 20Ohm
K 7
Harmonic resistance for 7th current harmoincs 10Ohm
Q 0
Band resistant filter quality factor 5 Q 3 3rd harmonic band pass filter qualility factor 5 Q 5 5th harmonic band pass filter qualility factor 5
Qn nth harmonic band pass filter qualility factor 5 fsw Switching frequency 7.68kHz f 0 Fundamental frequency 60Hz Fig. 11 to Fig. 13 give the simulation results under the two control strategies, which include the waveforms of grid voltage Us, grid current Is, the output voltage of series APF V c and the input voltage for the diode rectifier UL. Figure 11 . K=0, uncompensated results
In Fig.11 , no compensation is applied, so it shows that there is serious distortion in the grid current. The grid current is discontinuous with very short conduction time. Also, the input voltage for the diode rectifier U L looks like a sinusoidal due to the short conduction time of the diode rectifier.
In Fig. 12 , the UHR control strategy is applied with the harmonic resistance K=10 Ohm. It can be seen that the distortion of the grid current is mitigated and its conduction time is much longer. The waveform of U L is like a square waveform which means long conduction time of the diode rectifier. Moreover, the compensated voltage of the series APF V c contains all the current harmonics and K=10 Ohm is the largest resistance that the controller can adopt under the premise that the system is stable. If K is set greater than 10Ohm, the system will go unstable.
In Fig. 13 , the UHR control strategy is applied with the harmonic resistance K=60 Ohm. It can be easily found that the distortion of the grid current is heavier than that in Fig.  12 .This is because the system is not stable when K = 60Ohm. Although the conduction time of the diode rectifier is longer as shown in waveform U L , the grid current i s has worse waveform than that in Fig. 12 .
In Fig. 13 , the SHR control strategy is applied with the sum of total harmonic resistance K=60 Ohm, the same with Fig. 13 . It can be found that the system is still stable when the sum of K i is as large as 60 Ohm (K 3 =30Ohm, K 5 =20Ohm, K 7 =10Ohm). It should be mentioned that in the UHR control strategy, the system will fall into instability with K=60Ohm. The grid current i s has the best waveform with least distortion. The compensated voltage of the series APF contains the 3 rd , 5 th and 7 th order current harmonics. The waveform of U L is approximately the square waveform and the diode rectifier has long conduction time. Figure 15 . Dynamic performance of SHR control SHR control is applied at t=0.05s
Fig . 15 displays the dynamic performance under the SHR control strategy. The SHR control strategy is applied at t=0.05s, and it can be seen that although at first there is some overshoot in the compensated voltage of the series APF V c , after about 7 fundamental periods, the system trends to be stable. The THD of the grid current is greatly improved. the UHR control strategy, two set of K are selected. One is K=60Ohm, and the other one is K=10Ohm. But it can be found that the spectrum of the grid current is worse when K=60Ohm. This is because the system is already unstable and oscillation of the system brings in extra harmonics which lower the THD of the grid current. Fig. 17 is the experiment before compensation, and it can be seen that the amplitude of the grid current is very high, up to 22A. After the SHR control in Fig. 18 , the amplitude of the grid current dropped to about 12A. Also, the conduction time of the diodes in the diode rectifier is increased. THD of grid current before compensation is about 86.0%, and after compensation THD dropped to 55.8%. The 3 rd and 5 th order of grid current harmonic dropped from 74.9% to 48.8%, from 39.8% to 13.2%, respectively.
V. CONCLUSION
In this paper, a new SHR control strategy is proposed. Compared to the conventional UHR control strategy, the SHR control can improve the system stability and the compensation performance. The bode plots of the two control methods verified the better stability of the SHR control and the simulation and experiment results proves the superiority of the proposed SHR control strategy.
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